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Abstract The ﬂuid dynamics of stony debris ﬂows generated in two small tributaries adjacent to each
other and ﬂowing into a main receiving channel was analyzed experimentally at a laboratory scale. The
analysis on the propagation along the tributaries and deposition in the main channel provide information
about sediment-water mobility, dangerous damming, and potential hazard. Debris ﬂows were generated by
releasing a preset water discharge over an erodible layer of saturated gravels material. As a consequence,
the debris ﬂow sediment concentration varied accordingly to the entrainment rate which, in turn, was
strongly controlled by the tributary slope. The data collected by acoustic level sensors, pore ﬂuid pressure
transducers, and a load cell were used to characterize the evolution of bulk density and solid concentration
of the sediment-water mixture. These two parameters were relevant to assess the stony debris ﬂow mobility
which contributes to determine the shape of sediment deposits in the main channel. The detailed bed
topography surveys carried out in the main channel at the end of each experiment provided information on
the morphology of these deposits and on the interplay of adjacent conﬂuences. The inﬂuences of conﬂu-
ence angle, tributary slopes, and triggering conditions have been investigated, for a total of 18 different
conﬁgurations. Within the investigated range of parameters, the slope angle was the parameter that mainly
inﬂuences the stony debris ﬂow mobility while, for adjacent conﬂuences, the degree of obstruction within
the receiving channel was strongly inﬂuenced by the triggering scenario.
1. Introduction
Debris ﬂows generally form in narrow steep valleys when loose masses of unconsolidated debris become
unstable under the action of water supplied by rainfalls or snow melting [e.g., Sharp and Nobles, 1953; Sitar
et al., 1992]. The water-sediment mixture triggered by the water ﬂow then propagates downstream, possibly
entraining further sediment and water from the bed or the banks [Iverson, 2013].
We focused our attention on sediment mobility along scree slopes and steep mountain torrents associated
with a particular type of debris ﬂows, classiﬁed as stony by Takahashi [2007], consisting of relatively coarse
grains and a low content of ﬁne particles [Bonnet-Staub, 1999]. In particular, we investigated experimentally
how the mobilized sediment subsequently deposits at two consecutive conﬂuences, tending to obstruct
the receiving channel.
Stony debris ﬂows are common in mountain torrents of Austrian, Italian, and Swiss Alps [Scheidl and Ricken-
mann, 2009] and in gravel bedded channels originating in the scree slopes located at the base of rock faces
(e.g., in the Dolomites, Northern Italy) [Gregoretti and Dalla Fontana, 2008]. They are usually triggered by sur-
face runoff following intense rainfall events. Hydrodynamic forces destabilize the gravel bed surface, deter-
mining the dispersion of sediment grains throughout the entire ﬂow depth [Lanzoni and Tubino, 1993;
Tognacca et al., 2000; Gregoretti, 2000]. Due to their inertia, the large masses of mobilized sediment can
travel for long distances and eventually deposit where friction actions prevail, namely for low enough hill-
slopes, or when discharging in broad alluvial fans and in a less steep channel.
In stony debris ﬂows the distribution of particle sizes consists mainly of boulders, cobbles, and gravel
[Bonnet-Staub, 1999; Takahashi, 2007]. Finer fractions (less than 1 mm) are likely contained in the interstitial
muddy water which behaves as a liquid. In any case, fraction of constituent less than 0.1 mm is far less than
in viscous-type and muddy-type debris ﬂows [Takahashi, 2007]. The dynamics of stony-type ﬂows is thus
dominated by grain collision stresses which are responsible of the dispersion of grains throughout the
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entire ﬂow depth (mature ﬂow) and segregation processes (e.g., the accumulation of larger particles on the
debris front). The excess of pressure in the pore ﬂuid is likely to play a minor role especially for low grain
concentrations, because of large voids between particles [Takahashi, 2007].
In the present contribution we have considered with particular attention the dynamics of multiple debris
ﬂow tributaries that join a main river reach. Such a dynamics, which is rather frequent in the Dolomites
(Northern Italy) [Gregoretti and Dalla Fontana, 2008], can have dramatic effects in terms of loss of human
lives and damages. The debris depositing in the recipient channel, in fact, may create a signiﬁcant degree
of obstruction or even a debris dam, depending on the amount of mobilized sediment and the momentum
ratio between the tributary and the mainstream [Dang et al., 2009]. In any case, the localized input of coarse
sediment at a conﬂuence introduces a perturbation of the sediment composition in the main channel which
could affect its longitudinal morphology [Sklar et al., 2006].
Owing to the complexity of the interactions between the incoming solid-liquid mixture conveyed by the
debris ﬂow and the receiving water current, attempts to tackle the problem numerically are still in an early
stage [Chen et al., 2011; Chen and Peng, 2006; Chen et al., 2013]. Debris ﬂow and water ﬂow are simulated
independently, and the interaction between the two types of ﬂows is accounted for in a simpliﬁed manner
[Chen et al., 2011, 2013]. The geometry of deposition fans has then been studied experimentally, with partic-
ular attention to the case of a single conﬂuence. The experiments carried out by suddenly releasing in a
ﬂume a given volume of water and sediment mixed together [Chen et al., 2004; Chen and An, 2007] suggest
that the main factors inﬂuencing the fan geometry are the conﬂuence angle, the tributary slope, the sedi-
ment concentration of the incoming debris ﬂow and the liquid discharge along the receiving channel. Three
different types of blockage (complete blockage, or semiblockage spanning either partially or completely
the channel width) were observed experimentally by Dang et al. [2009], depending on the momentum ratio
between the tributary and the mainstream and the particle size distribution of the debris ﬂow.
To authors’ knowledge, no experiments addressing the morphology of sediment deposits that form in a
main channel as a consequence of the material delivered by neighboring debris ﬂows are available in the
literature. The aim of the present contribution is to understand the dynamics of this type of conﬂuence set-
tings in the case of stony debris ﬂows. In particular, we investigated experimentally how the mobilized sedi-
ment subsequently deposits at two consecutive conﬂuences, tending to obstruct the receiving channel.
Overland ﬂow over a loose sediment bed, rather than an impulsive release of a premixed volume of water
and sediment, was used to generate the debris ﬂow. The mixture concentration was thus determined by
the ﬂume slope. The variables investigated in order to synthesize debris ﬂow dynamics were the ﬂow thick-
ness, the bulk density of the sediment-water mixture, the sediment concentration, the total normal stress,
and the pore ﬂuid pressure. The geometry of sediment deposits in the receiving channel has been analyzed
on the basis of tributary slope, conﬂuence angle, and the possible triggering sequences which characterize
multiple conﬂuences. Finally, in order to identify the most dangerous conﬁguration in terms of shrinkage of
the hydraulic section, we determined the location of the center of mass, the volume, and the shape of the
sediment deposits surveyed along the main channel at the end of each experiment.
2. Material and Methods
2.1. Experimental Apparatus
The experimental apparatus (Figure 1) consisted of two tributary ﬂumes (B, upstream; C, downstream) 3 m
long, 0.3 m wide, and 0.3 m deep, connected to a main channel (A) of length 10 m, width 0.5 m, and depth
0.7 m. The tributary ﬂumes were located on the left side of the main channel, at an interaxis of 2.7 m. The
junction between each tributary ﬂume and the main channel was made through a particular joint system
which allowed variations of both tributary slope and conﬂuence angle. An U-shaped metal sheet, suitably
designed for each conﬂuence angle, ensured a smooth connection between the main channel and the trib-
utary section. A PVC layer enveloped the entire junction to avoid water losses. The lateral walls of the main
channel and of the tributary ﬂumes were made by glass and Plexiglas, respectively. The ﬁxed bed surface of
all ﬂumes was roughened by gluing a layer of the sediment used in the experiments. These sediment con-
sisted of nearly uniform gravel with mean particle diameter ds5 3 mm, density qs5 2650 kg/m
3, closest
packing sediment concentration c*5 0.62, dry and submerged angles of repose u5 48.68 and us5 43.38.
This type of sediment, without any content of ﬁne fractions, has been chosen consistently with the small
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amounts of ﬁnes (content of particles less than 1 mm smaller than about 20%), as well as the relatively low
values of the bulk concentration (roughly in the range 0.35–0.6) typical of stony debris ﬂows [Bonnet-Staub,
1999; Takahashi, 2007]. The possible effects of ﬁner sediment fractions are discussed section 4.
Various instruments have been used for investigating the propagation and deposition of the sediment-
water mixtures generated in the tributaries. The lateral ﬂume C was equipped with a load cell (54-5-C3
Celmi, application range of 0–5 kg, error 0.02%FS), a pore pressure transducer (PR 9L keller, working range
0–0.1 bar, error 0.1%FS), and an acoustic level sensor (Pepperl1 Fuchs, application range 0–0.5 m, error
0.001 m) to measure the time distributions of total normal stress, interstitial ﬂuid pressure, and surface ele-
vation of the sediment-water mixture triggered in the ﬂume. These instruments were placed 0.5 m from the
downstream end section of the ﬂume. The load cell and the pressure transducer were located on the rigid
bed of the ﬂume. In particular, the latter was accommodated in a cavity of the bed, ﬁlled with water and
covered at the top with a thin steel grid in order to separate water from sediment. A video camera, ﬁlming
the lateral side of the ﬂume, was used to identify the thickness of the moving sediment-water mixture.
Other seven acoustic level sensors (Pepperl1 Fuchs) were located along the various ﬂumes (see Figure 1)
to monitor the ﬂow level during the propagation and deposition of the debris ﬂow.
2.2. Experiments
The experiments consisted in triggering stony debris ﬂows in two different tributary channels and letting
them to merge into a main, less sloping channel, where sediments eventually deposited, under the rework-
ing action of a preset water discharge. The relevant parameters varied in the tests to investigate the degree
of blockage in the main channel were: the tributary slope, the conﬂuence angle, and triggering sequence.
At the beginning of each test, the main channel was tilted at a slope of 58 and a water ﬂow rate QA5 5 l/s
was discharged along it (ﬂow depth 8 mm), ﬂowing over its rough ﬁxed bed. The two tributary ﬂumes were
arranged with the same slopes and conﬂuence angles. Each of them was ﬁlled with a layer of loose sedi-
ment of thickness about 9 cm, covering completely the rough ﬁxed bed. This static sediment bed was suit-
ably ﬂattened and preliminary saturated. Seepage ﬂow was made possible by a permeable sill located at
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Figure 1. Overall sketch of the experimental apparatus and locations of the various measuring devices. (a) Plan view of the main channel
(A) and of the two tributary ﬂumes (B, upstream, and C, downstream). (b) Lateral view of the downstream tributary ﬂume and of its conﬂu-
ence with the main channel.
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the end of the ﬂume which sustained the loose sediment bed despite the slope, while allowing ground-
water ﬂow. Debris ﬂows were subsequently triggered by releasing abruptly a prescribed water discharge
(QB or QC) from the tank located at the head of each tributary channel. Release times (tB and tC) depended
on the considered triggering scenarios, the possible difference in triggering times being about 3 min.
As documented by video camera records, the water ﬂowing over the loose sediment bed initially placed in
the tributaries caused the erosion and entrainment of grains in the upstream reach of the ﬂume, until
enough material was provided for the formation of the debris ﬂow front. This front then propagated down-
stream with almost negligible erosion of the underlying static sediment layer. Contemporaneously, the
debris ﬂow body elongated owing to the entrainment of the material in the tail. Given the relatively high
tributary ﬂume slopes considered in the experiments, mature debris ﬂow conditions (with sediment grains
dispersed throughout the entire ﬂow depth) were established quite rapidly in all the tests [Lanzoni and
Tubino, 1993; Takahashi, 2007].
After the debris ﬂows propagated along a tributary channel, the mobilized material ﬂowed into the main
channel and eventually deposited within it. Each experiment was stopped when morphological changes of
the sediment deposits, caused by the water ﬂowing in the main channel, were negligibly small. The dura-
tion of a given experiment depended on the tributary slope (longer times being associated with smaller
slopes). The data collected during a given experiment consisted of temporal records of debris ﬂow surface
elevation, H, measured through the acoustic level sensor; elevation of the interface with the static sediment
bed, Hsb, determined through analysis of video records; total normal stress, rfb, and pore ﬂuid pressure pfb,
both measured in the ﬁxed bed of the tributary ﬂume, 0.5 m ( 1:7 times the ﬂume width) from the end
section (see Figure 1). The deposit morphology at the end of each run was analyzed on the basis of ﬁve lon-
gitudinal bed sections (see Figure 2) surveyed in the main channel (2 cm apart) through a point gauge.
The quantities varied in the present series of tests (18) are summarized in Table 1. They are the tributary
slope b (158 and 178), the conﬂuence angle a (908-608-508), and the triggering scenarios (debris ﬂows occur-
ring simultaneously in the tributaries (tB5 tC), or occurring ﬁrst either in the upstream (tB< tC) or in the
downstream (tB> tC) tributary).
Possible effects of the main channel discharge in shaping the ﬁnal sediment deposits are discussed in section
4. The seepage discharge needed to saturate the static sediment bed initially placed in each tributary
depended on the slope adopted in the test and varied between 0.7 and 0.8 l/s. The triggering discharge var-
ied in the range 2.7–3.4 l/s and determined the destabilization of the initial bed and the consequent formation
of the debris ﬂow. The range of conﬂuence angles investigated has been selected on the basis of the conﬁgu-
rations typically observed in the ﬁeld [Benda, 1990; Millard, 1999; Miller and Burnett, 2008]. The choice of tribu-
tary slopes was made after a preliminary set of tests (not reported in Table 1) aiming to determine the
conditions needed to generate mature stony debris ﬂows [Takahashi, 1991; Lanzoni and Tubino, 1993], with
sediment grains dispersed across the entire ﬂow depth. Smaller slopes imply the formation of immature
debris ﬂows, with a sediment-water mixture ﬂowing beneath a distinct layer of clear water. On the other
hand, too high slopes give rise to debris ﬂows consisting of an unsteady front which progressively increases
its thickness during the propagation, owing to the continuous entrainment of grains from the erodible bed.
2.3. Data Treatment
In the case of a stony debris ﬂow generated by a given water discharge (Q) ﬂowing over a layer of erodible
material (of thickness H0), the dynamics of the phenomenon can be described in terms of the basal normal
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Figure 2. Top view of the material deposited along the main channel (A) at the end of test 1 (tributary slope 178; conﬂuence angle 608; downstream triggering sequence). The dashed
line pinpoints the deposit contour, while the straight segments on the left side localize the longitudinal section along which the bed topography has been measured.
Water Resources Research 10.1002/2015WR017116
STANCANELLI ET AL. STONY DEBRIS FLOWS CONFLUENCES 5103
stress, rb, and pore ﬂuid pressure, pb, at the interface between the debris ﬂow and the underlying static
bed. These quantities are here obtained by decreasing the values measured at the rigid bed of the ﬂume
(i.e., rfb and pfb) by the weight of the static layer (qmax g ðH2DÞcosb), and of the corresponding interstitial
pore pressure, assumed to be distributed hydrostatically (qf g Hcosb). Here D is the debris ﬂow depth, deter-
mined as the difference H2Hsb between the free surface elevation, H, and the elevation of the interface
with the static sediment bed, Hsb. Moreover, qmax (5qsc1qf ð12cÞ) is the density of the static layer initially
placed in the ﬂume, assumed to be saturated and with a sediment volume concentration equal to its closest
packing value.
In general, the assumption of hydrostatic ﬂuid pore pressure implies that the relative motion between the
solid and ﬂuid phases is negligible. Denoting by j the hydraulic permeability of the granular matrix, signiﬁ-
cant excess pore pressure gradients (g qf  104 Pa/m) are expected to occur when the volumetric ﬂux of
pore ﬂuid per unit area of mixture (speciﬁc discharge) exceeds 1022 m/s for high values of the ratio j=lf ,
and 10210 m/s for debris ﬂow with the smallest j=lf [Iverson, 2013]. In the case treated here, intended to
reproduce stony debris ﬂow conditions, the relevant value of the hydraulic permeability (k  1023 m/s) and
the absence of ﬁne particles in the pore ﬂuid (lf  0:001 Pa/s) imply a relatively large ratio j=lf and, hence,
a rapid dissipation, through diffusion, of excess pore ﬂuid pressure. The pore pressure can then be taken to
be hydrostatically distributed along the direction normal to the ﬂow, as it will be shown in section 3.1.
Further quantities estimated from the measurements are the bulk density q and sediment concentration C.
Under the assumption that, as a ﬁrst approximation, the local value of the sediment concentration keeps
almost constant within the ﬂow depth, we can write:
q5
rb
gD cosb
; (1)
while the relation between q and C reads:
q5qsC1qf ð12CÞ: (2)
2.4. Scaling Issues
Detailed ﬁeld observations about debris ﬂow mechanics are generally difﬁcult to obtain [Kailey et al., 2011].
Indeed, even if one is able to observe a real debris ﬂow event, it may be difﬁcult or even impossible to
determine the boundary conditions and the key parameters inﬂuencing the ﬂow behavior in the ﬁeld.
Hence, the contribution to the knowledge that physical models can provide is still precious. Both large and
small-scale physical models have been widely used to investigate speciﬁc aspects of debris ﬂow mechanics.
Table 1. Summary of the Relevant Parameters Characterizing the Present Testsa
Test
Main Channel (A) Upstream Tributary (B) Downstream Tributary (C)
b (8) Q ðl=sÞ b (8) a (8) t (s) Q (l=s) b (8) a (8) t (s) Q (l=s)
1 5 5.0 17 60 0 3.4 17 60 168 3.2
2 5 5.2 17 60 176 3.4 17 60 0 3.2
3 5 5.0 17 60 0 3.4 17 60 0 3.2
4 5 5.2 17 50 0 3.4 17 50 175 3.2
5 5 5.1 17 50 222 3.4 17 50 0 3.2
6 5 5.1 17 50 0 3.4 17 50 0 3.2
7 5 5.0 15 50 0 3.4 15 50 210 3.2
8 5 5.0 15 50 227 3.4 15 50 0 3.2
9 5 5.1 15 60 0 2.8 15 60 0 2.8
10 5 5.1 15 60 0 2.8 15 60 214 2.7
11 5 5.0 15 60 219 2.8 15 60 0 2.7
12 5 5.0 15 50 0 2.8 15 50 0 3.0
13 5 5.1 15 90 0 2.7 15 90 0 2.9
14 5 5.1 17 90 0 2.8 17 90 0 2.8
15 5 5.1 17 90 0 3.1 17 90 235 2.9
16 5 5.1 17 90 158 3.1 17 90 0 2.9
17 5 5.0 15 90 0 3.1 15 90 203 3.0
18 5 4.8 15 90 204 3.0 15 90 0 2.9
aThe various quantities are deﬁned as follows: b, slope angle; a, conﬂuence angle; Q, triggering discharge; t, time at which a debris
ﬂow is triggered in a given tributary channel.
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Denlinger and Iverson [2001] raised some concern about the uncertainties in the transfer of small-scale ﬁnd-
ings to real debris ﬂows. On the other hand, the huge amount of material needed by large-scale experi-
ments makes the design of the experimental apparatus and of the measurement setup cost intensive. For
these reasons, experiments at the laboratory scale are still widely adopted. In addition, their capability of
reducing the overall complexity of the phenomena allows to focus on the most relevant aspects of the
mechanisms under investigation. In the present experimental campaign, the model-prototype similarity has
been studied by applying the calibration method [see e.g., Heller, 2011]. Dimensionless parameters esti-
mated for real-world prototypes are compared with those resulting from the physical model. If similar val-
ues are attained, provided that signiﬁcant model and measurement effects can be ruled out, model-
prototype similarity is reached. Observed model-prototype deviations may help to quantify-scale effects
and their inﬂuence (through over or under-estimation) on the results. In particular, the following dimen-
sional quantities have been considered: typical ﬂow depth D, density qs, volume concentration cs, and
mean diameter ds of the sediment, density qf and viscosity lf of the pore ﬂuid, and typical shear rate _c of
the ﬂow.
In order to relate model observations to ﬁeld conditions, the relative importance of inertial, viscous, and fric-
tional forces in the experiments must match in the model and in the prototype [Iverson, 1997; Hsu et al.,
2008]. Inertial forces arise from short-term collisions between sediment grains, viscous forces are controlled
by pore ﬂuid viscosity, and frictional forces are associated to long lasting contacts between grains. Their rel-
ative importance is described by three dimensionless numbers, NBag, NSav, and Nmass, which have been eval-
uated in the present experiments and compared with the values estimated in the ﬁeld for various debris
ﬂow events.
The Bagnold number, NBag, measures the ratio of inertial to viscous stresses, and takes the form [Iverson and
Denlinger, 2001]:
NBag5
qs _c d
2
s k
1=2
lf
; (3)
where the linear concentration k is related to cs and to the maximum possible grain concentration c
through the relation k5c1=3s =ðc1=3 2c1=3s Þ. The shear rate _c is computed in terms of the bulk ﬂow characteris-
tics as U/D, with U the surface ﬂow speed.
The Savage number, NSav, deﬁnes the ratio of inertial to gravitational (and, hence, frictional) stresses, and
can be written as [Iverson and Denlinger, 2001]:
NSav5
qs _c
2 d2s
ðqs2qf Þ gD
; (4)
where g is the magnitude of the gravitational acceleration.
Finally, the mass number, Nmass, expresses the importance of solid grain inertia to ﬂuid inertia [Iverson and
Vallance, 2001]:
Nmass5
qscs
qf ð12csÞ
: (5)
A sediment-water mixture ﬂow tends to be dominated by grain collisions (inertial regime) when NSav> 0.1.
Conversely, friction associated with persistent grain contacts (frictional regime) prevails for NSav< 0.1 [Iver-
son and Denlinger, 2001]. A collisional regime, whereby the bulk normal and shear stresses are proportional
to _c2, is expected when NBag> 450, while macroviscous conditions, entailing a linear proportionality with _c,
are likely to occur for NBag< 40. Lastly, momentum transport by solid grain tends to prevail when Nmass> 1.
Table 2 shows the values of the relevant dimensional quantities, of the corresponding dimensionless groups
resulting from the present experiments, and those reported by Iverson and Vallance [2001] and Hsu et al.
[2008] for either well documented ﬁeld events or other laboratory experiments. The computations have
been done by assuming that the volumetric sediment concentration cs is approximately constant within the
ﬂow depth and, hence, equal to the bulk concentration C. The value of Nmass (2) characterizing the present
experiments is comparable with that observed in other experimental devices or estimated from ﬁeld stud-
ies. The value of NBag (1136), being much larger than 450, indicates a prevailing collision-dominated
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regime, as typically occurs in mature stony debris ﬂows. Further conﬁrmation of the mature and stony char-
acter of present debris ﬂows is provided by Takahashi [2007]: the small value (16) attained by the relative
depth D=ds (lower than 20–30); the values attained by the bulk solid concentration (larger than 0.2 and
smaller than 0.5) and by the hydrostatic pore pressure distribution which, with good approximation, estab-
lishes within the ﬂow depth (see results in section 3.1). The value attained by NSav (0.012) is of the same
order of magnitude of those estimated by Takahashi [1991] for real stony debris ﬂows. However, the fact
that NSav is smaller than 0.1 suggests that frictional actions have a certain importance in determining the
rheological behavior of the sediment-water mixture, as it will be discussed in section 4.
3. Analysis of Results
3.1. Propagation Phase
The data acquired by means of the pressure transducer, the load cell, and the acoustic sensor placed in the
downstream tributary ﬂume, combined with the video records taken at the transparent ﬂume wall, provided
the opportunity to identify the different phases which characterized the water-sediment mixture ﬂow.
During each experiment the following phases clearly appeared: (i) initially dry and static sediment bed; (ii)
saturation of the bed; (iii) passage of the front and body of the debris ﬂow, with negligible erosion of the
initial sediment bed; (iv) progressive erosion of the sediment bed owing to the passage of the debris ﬂow
tail. Figure 3 shows the time series of (a) total bed normal stress, rfb, and pore ﬂuid pressure, pfb, measured
at the rigid bed of the ﬂume; (b) elevations of the sediment-water mixture surface, H, and of the static sedi-
ment bed, Hsb recorded during run 14. At the beginning of the experiment (t< 130 s) all the monitored
quantities are constant, owing to the static and dry condition of the loose sediment bed initially placed
within the tributary channel. The saturation of this bed, starting at t5 130 s and ending a few seconds
before the triggering of the debris ﬂow, is characterized by the progressive adjustment of both the pore
ﬂuid pressure and the total load, while the surface elevation of the static bed does not vary. Note that the
nonmonotonic behavior of the total bed stress (130 s < t 300 s) is related to a progressive adaptation to
the groundwater ﬂow of the solid matrix which, owing to the high slope, would tend to slide downstream
as the seepage ﬂow establishes, but is restrained by the porous bed sill located at the end of the ﬂume.
Debris ﬂow is triggered in the upstream portion of the tributary at t5 324 s by overland ﬂow. A sediment-
water mixture forms and propagates downstream until the front reaches the monitored section (t5 328 s).
The passage of the body is observed in the interval t5 329–337 s, with a minor erosion of the underlying
static sediment bed. Finally, the sediment bed is progressively eroded during the passage of the tail
(t> 343 s) and is totally washed out for t5 355 s. The debris ﬂow propagation (lasting about 23 s) is similar
Table 2. Values of Relevant Dimensional and Dimensionless Parameters Estimated for the Present Laboratory Experiments and Some Well-Documented Sediment-Water Flowsa
Present
Tests
Drum
Experiment
Wetb
Small-Scale
Flumec
USGS
Flumed
Conveyor
Belt
Flumee
Kamikami-horizawa
Debris Flowf
Mount
St. Helensg
Elm Rock
Avalancheh
Yake
Dake Debris
Flowf
Acquabona
Debris
Flowi
D (m) 0.05 0.05 0.04 0.2 0.04 2 1 5 2 2
qs (kg=m
3) 2650 2650 2700 2700 1400 2700 2600 2400 2600 2650
qf (kg=m
3) 1000 1000 1000 1000 1000 1000 2 2 1200 1200
cs 0.43 0.55 0.5 0.6 0.6 0.6 0.3 0.5 0.6 0.6
ds (m) 0.003 0.01 0.006 0.01 0.004 0.2 0.02 0.5 0.2 0.2
_cðs21Þ 20 10 30 50 11 3 10 5 3 4
lf (Pas) 0.001 0.001 0.001 0.01 0.001 0.1 0.00002 0.00002 0.1 0.1
Nmass 2 3 3 4 2 4 557 1200 3 3
NSav 0.012 0.033 0.133 0.202 0.017 0.029 0.004 0.128 0.034 0.060
NBag 1136 9159 8307 588 1073 14110 910248 435397699 13588 18465
aTo estimate Bagnold numbers, the maximum volume concentration of solid grains was set equal to 0.7 [Iverson and Denlinger, 2001].
bHsu et al. [2008].
cIverson and Vallance [2001].
dIverson [1997].
eDavies [1990].
fTakahashi [1991].
gWilson and Head [1981], Kuntz et al. [1981], and Hoblitt [1986].
hHsu [1975, 1978].
iBerti et al. [1999, 2000].
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to that documented by Ancey [2013] in the presence of a rigid bed, and by Lanzoni and Tubino [1993] for an
underlying static bed made of loose sediment. However, in the presence of a loose sediment bed the ﬂow
depth is characterized by two well deﬁned superposed layers. The dynamics of the upper layer is domi-
nated by grain collisions while the lower, much slender layer is controlled by quasi-static forces due to
enduring contacts between grains. It must be also stressed that, at the end of a given experiment, the eleva-
tion of the sediment surface measured just before a conﬂuence with the main channel can attain a value
either smaller (indicating an overall erosion) or larger (overall deposition) than the initial static bed surface,
depending on the tributary slope and the geometry of the sediment deposits in the main channel. Gener-
ally, lower slopes and larger conﬂuence angles favor deposition.
A clearer description of the various debris ﬂow propagation stages is attained by eliminating from the sig-
nals recorded by the load cell and the pressure transducer the contribution due to the static portion of the
gravel bed, assumed to be characterized by a hydrostatic distribution of the pore ﬂuid pressure (see section
2.3). This speculation is conﬁrmed by the measurement provided by the pore ﬂuid pressure transducer.
Figure 4 shows the temporal distribution of the piezometric head, rfb=ðqf gÞ, measured at the rigid bed of
the ﬂume during test 14, and that resulting by assuming a hydrostatic distribution (i.e., qf g Hcos b). The
deviations from an hydrostatic distribution are quite small, lower than 0.5 cm. Note that, just before the
arrival of the front, the piezometric head is practically equal to the thickness of the saturated bed, the error
being of the same order of the sediment grain size. In summary, no signiﬁcant excess pore ﬂuid pressure
occur in the present tests. Such result agrees with the experimental ﬁndings of Hotta [2012], who carried
out debris ﬂow experiments with a similar sediment (mean grain size 2.9 mm) and the same slope (178).
The temporal evolution of the relevant variables observed in run 14 and described in Figure 3 can be better
appreciated by describing the passage of the debris ﬂow at a given section in terms of the total basal normal
stress, rb, the ﬂow depth D, the bulk density, q (scaled by its maximum value, qmax), and the bulk concentra-
tion of the sediment-water mixture, C. The enlarged view of the time series of these quantities, reported in
Figure 5, emphasizes that ﬂow depth and basal normal stress, as well as high mixture density and sediment
concentration increase at the front, keep nearly constant during the passage of the body, and decrease pro-
gressively during the passage of the tail. This behavior is quite similar to that observed in the laboratory by
Hotta [2012] and in the Acquabona Watershed (Italian Alps) by Berti et al. [2000]. Moreover, the increase of rb
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Figure 3. Data acquired 0.5 m from the end section of the downstream tributary ﬂume (C) during run 14 (tributary slope of 178, conﬂuence
angle 908; simultaneous triggering): (a) total bed normal stress and pore ﬂuid pressure measured at the rigid bed of the ﬂume, thus includ-
ing the contribution of the static sediment bed and of the overlaying debris ﬂow; (b) free-surface elevation of the sediment-water mixture
and elevation of the interface with the underlying static sediment bed.
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proportionally to D is in accordance with
the observations of Major and Iverson
[1999]. Here a maximum value of rb 
900 Pa is observed during the passage of
the debris front (lasting about 5 s), with an
associated ﬂow depth of 5 cm. The
transit of the debris ﬂow body lasts about
8 s (between 329 and 337 s) and is associ-
ated with an almost steady condition
(D5 5 cm; rb5 800 Pa). Finally, both rb
and D experience a slow and gradual
reduction due to the passage of the long
debris ﬂow tail. On the other hand, the
bulk density of the mixture attains a maxi-
mum at the debris ﬂow front, decreases
slightly until it stabilizes around the value
1700 kg/m3, during the passage of the
body, and decreases slowly in the debris
tail. A similar behavior is exhibited by the
mixture concentration C, which attains a
value of 0.43 in the debris ﬂow body.
The overall behavior of the water-sediment mixture emerging from the temporal series of the monitored
quantities (Figure 5) is independent of the tributary slope, at least for the range of parameters examined in
the present series of tests. In general, decreasing the tributary slope implies smaller bulk mixture density
and sediment concentration, in accord-
ance with the experimental ﬁndings of
Armanini et al. [2005] for mature debris
ﬂows conditions. For a tributary slope of
158 (Figure 6) the sediment concentration
of the body takes an average value 0.3.
In addition, the front tends to elongate
(longer duration) and the body becomes
more irregular. The longer duration is
due to the larger time that, for a lower
bulk concentration, it takes to erode the
ﬁxed volume of sediment initially placed
in the ﬂume. On the other hand, the
irregularities experienced by the body
are strictly related to oscillations in the
vertical structure of the ﬂow, docu-
mented by the sidewall images acquired
during the experiments. In the case of
lower slopes the entrainment process
appears to be more intermittent and
implies a ﬂuctuation of the thickness of
the upper and lower layers characterizing
the ﬂow, dominated by grain collisions
and frictional long lasting contacts,
respectively.
3.2. Deposit Geometry
The present experiments provide useful
information also on the morphology of
sediment deposits formed in the main
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Figure 4. Temporal evolution of the pore ﬂuid pressure, scaled by g qf (piezo-
metric head), measured 0.5 m from the end of the downstream tributary (ﬂume
C) (run 14: tributary slope 178; conﬂuence angle 908; simultaneous triggering).
The piezometric head measured at the rigid ﬂume bed through the pressure
transducer is compared with the hydrostatic pressure qf g Hcosb, resulting by
considering the free-surface elevation H of the sediment-water mixture surface,
referred to the rigid ﬂume bed, recorded by the acoustic level sensor.
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Figure 5. Temporal distribution of (a) total bed normal stress (Pa); (b) debris
ﬂow depth (cm); (c) density of the sediment-water mixture, scaled by its maxi-
mum value; (d) bulk sediment concentration of the debris ﬂow mixture. All
measurements have been carried out 0.5 m from the end of the downstream
tributary ﬂume during run 14 (tributary slope 178; conﬂuence angle 908; simul-
taneous triggering).
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channel by debris ﬂows generated in lat-
eral tributaries. The form and duration of
the sediment pulses within the main
channel are determined by the interplay
of bulk concentration and velocity of the
water-sediment mixture in the tributaries.
As described above, the concentration of
this mixture tends to increase with the
tributary slope. Higher concentrations, in
turn, tend to decrease debris ﬂow mobil-
ity (i.e., the bulk ﬂow velocity). The tribu-
tary slope is thus a parameter that
crucially affects the geometry of sedi-
ment deposits. Further quantities that
likely play a nonnegligible role are the
conﬂuence angle and the triggering
sequence of inﬂowing debris waves. Note
that, even though the volume of sedi-
ment that can be mobilized is always the
same, the form of the debris hydrograph
and the duration of the phenomenon
inﬂuences the amount of sediment that
can be removed by the main channel
ﬂow and, hence, the overall volume that
deposits in the main channel at the end
of a given test.
The most dangerous conﬁguration is
associated with the highest value of the
tributary slope (178) and with a simulta-
neous triggering. Figure 7 summarizes,
for the entire set of data, the results of the analysis carried out on sediment deposit geometry on the basis
of the bed topography eventually surveyed along a few longitudinal main channel sections (see Figure 2).
The investigated parameters are the sediment deposit volume Vs, the position of its center of mass (xG,yG,
zG), and the standard deviations, rx and ry, of the sediment surface elevation for the entire deposit forming
in the main channel (see Figure 1 for the deﬁnition of the axes x and y along which rx and ry are com-
puted). On average, Vs tends to increase with the tributary slope and the conﬂuence angle. The center of
mass is always located downstream of the axis of symmetry of the two conﬂuences (x5 210 cm), owing to
the sediment transport caused by the main channel ﬂow. In general, the larger channel obstruction (smaller
YG) occurs for simultaneous triggering and the larger conﬂuence angles, although some scatter appears. No
signiﬁcant trend is noticed for the vertical position of the center of mass.
The speciﬁc shapes of the two deposit fans formed in the main channel, in the case of simultaneous trig-
gering, are analyzed in Figure 8. Each deposit is schematized with an ellipse localized at its center of
mass (xG, yG) and with the two axes given by the standard deviations rx and ry of bed elevation now
computed for every deposit. The experiment with higher tributary slope (run 14) exhibits the larger
transverse dimension of the ellipses and, hence, a greater degree of obstruction; moreover, the centers
of mass of the two fans are slightly closer. On the other hand, increasing the conﬂuence angle (runs 12,
9, and 13) results in an upstream shift of the deposit location and in a larger obstruction at the second
conﬂuence.
A schematic overview of the geometry of the sediment deposits and their interaction as conﬂuence
angle, triggering scenario and tributary slope change is displayed in Figure 9. The sketches clearly show:
the upstream migration of the centers of mass as the conﬂuence angle increases; the increase of main
channel obstruction when debris waves are triggered simultaneously in the two tributaries and for higher
tributary slopes. As previously noted, the volume of debris that enters the main channel is strongly
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Figure 6. Temporal distribution of (a) total bed normal stress (Pa); (b) debris
ﬂow depth (cm); (c) density of the sediment-water mixture, scaled by its maxi-
mum value; (d) bulk sediment concentration of the debris ﬂow mixture. All
measurements have been carried out 0.5 m from the end of the downstream
tributary ﬂume during run 13 (tributary slope 158; conﬂuence angle 908; simul-
taneous triggering), characterized by tributary slope angle of 158.
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controlled by the bulk density of the water-
sediment mixture and the duration of the
ﬂow (i.e., the debris ﬂow mean velocity).
High degrees of river obstruction are associ-
ated with large enough values of density
and duration. Low debris concentration
favors the removal by the main river ﬂow of
the deposited sediment. Conversely, high
debris concentration tends to decrease
debris ﬂow mobility. Hence, the propagation
in the tributary channel and the deposition
in the main channel take a longer time, with
a consequent longer duration of the rework-
ing action exerted on sediment deposit by
the main channel ﬂow.
Information on the vertical structure of the
sediment deposits is provided in Figure
10, displaying the longitudinal bed proﬁles
acquired along the centerline of the main
channel in different tests. In order to
quantify the degree of mutual interaction
between the two deposits we introduce
the interference hin, deﬁned as the maxi-
mum thickness of the sediment deposit
that marks the transition between the
upstream and the downstream debris fans.
Figure 10a reports a general comparison
for all the experiments carried out with a
tributary slope of 178, the same triggering
scenario (downstream-upstream triggering
sequence), but varying the conﬂuence
angle (a5 508-608-908). The larger value of
hin (7.3 cm), and hence the stronger
degree of obstruction of the main channel,
is observed for a5 908. Figure 10b shows
the longitudinal bed proﬁles measured at the end of three runs characterized by the same tributary
slope (178), the same conﬂuence angle (908), and different triggering scenarios. The ﬁrst scenario
(tB< tC, upstream-downstream triggering) implied a relatively small value of hin (54.5 cm), located
toward the downstream conﬂuence and near the main ﬂume bank hosting the tributary outlets. The
second scenario (tB> tC, downstream-upstream triggering) was characterized by a slight upstream
shift and a growth of hin (57.3 cm). Finally, in the third scenario (tB5 tC, simultaneous triggering) hin
(58.9 cm) further increases and its position tends to move away from the bank hosting the conﬂuen-
ces, thus leading to a greater obstruction of the hydraulic section of the main channel. In general, a
larger deposit interference is observed for a simultaneous triggering tB5 tC, while a medium interfer-
ence occurs for the downstream-upstream triggering sequence tB> tC. Almost no interference
occurred for the upstream-downstream triggering sequence. Figure 10c indicates that higher deposit
interference (hin5 8.9 cm) is attained, as expected, for a higher tributary slope (178) and a simultane-
ous triggering of the debris waves.
4. Discussion
Natural debris ﬂows are usually characterized by a stress regime intermediate between inertial and fric-
tional, or tend to be friction dominated if ﬁne fractions are relatively abundant in the sediment compo-
sition. In this latter case, in fact, sediment concentration can approach or exceed the threshold (0:5)
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Figure 7. The overall volume, Vs, and the coordinates xG, yG, zG of the cen-
ter of mass of the sediment deposits are plotted versus the conﬂuence
angle for the entire experimental data set. Here x, y, and z are the longitu-
dinal, transverse, and vertical (pointing upward) coordinates depicted in
Figure 1. Full and empty symbols denote tributary slopes of 158 and 178,
respectively. Circles denote simultaneous triggering (B5 C); squares rep-
resent debris ﬂow occurring ﬁrst in the upstream tributary (B< C), while
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(B> C).
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for which Coulomb friction stresses predom-
inate [Campbell, 1990; Takahashi, 2007].
Coarse sediment, on the other hand, favors
the establishment of the inertial regime. A
spatially varying stress regime can also
develop within a given debris ﬂow, depend-
ing on the different sediment composition
of the front (coarser), body and tail (ﬁner)
[Campbell, 2002, 2005]. The present experi-
ments, intended to address stony debris
ﬂow behavior and, hence, have been carried
out by using a nearly uniform gravel mate-
rial. Indeed, stony-type ﬂows usually exhibit
a relatively low content of ﬁnes, mainly
included in the interstitial muddy water
which behaves as a liquid, as well as small
depth to mean grain size ratio (less than
about 20–30) and, consequently, not too
high bulk solid concentration (0.35–0.62 by
volume) [Bonnet-Staub, 1999; Takahashi,
2007]. In natural environment this type of
phenomena can be generated on scree
slopes and in high slope torrents. Clearly,
the presence of ﬁne material in the mixture
can inﬂuence both debris ﬂow triggering
[Chen et al., 2010] and propagation [Sosio
and Crosta, 2009; Kaitna et al., 2014]. When
solid fractions less than 0.1 mm is 10–30%
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of the sediment mixture composi-
tion, turbulent muddy-type debris
ﬂows or viscous-type debris ﬂows
occur. The solid concentration takes
larger values (0.45–0.75) and, owing
to the smaller value of the represen-
tative grain size, the relative ﬂow
depth (i.e., scaled with the mean
sediment diameter) attains values
much larger than 20–30. Sediment
mobility increases signiﬁcantly with
the content of ﬁnes: stony-type
debris ﬂows have larger resistance to
ﬂow than muddy-type ﬂows, which,
in turn, has a slightly smaller mobility
than muddy debris ﬂows and plain
water ﬂows [Takahashi, 2007]. Finally,
the presence of silt and clay material,
promotes the persistence of high
pore pressures [Iverson et al., 2010].
Analysis presented in section 2.4 indi-
cates a prevailing collision-dominated
regime, typical of mature stony debris
ﬂows. Nevertheless, even though the
observed bulk concentration was
always smaller that the threshold
value (0.5) discriminating a friction
dominated behavior, the presence of
a loose static bed determines the for-
mation of a lower layer in which the
long-lasting contacts between par-
ticles generate non negligible quasi-static stresses. This is conﬁrmed by the sidewall images collected dur-
ing the tests and, indirectly, by the estimates of the bulk concentrations. For example, the value observed in
run 14 (0.43) is larger than that (0.30) obtained by means of the empirical formula developed by Takahashi
[2007]:
cs5
qf tanb
ðqs2qf Þðtanu2tanbÞ
: (6)
This relation has been determined for stony debris ﬂows propagating over a rigid bed and, hence, with a
minor effects of quasi-static actions near the bed. In order to obtain a correct estimate of the bulk concen-
tration, the long lasting grain interactions at the boundary between the upper, grain inertial layer and the
underlying static sediment bed should be accounted for. This is done by replacing into equation (6) the
static friction angle of the sediment (u5 43.38) with a smaller value (36.58 for the present material) [Lan-
zoni and Tubino, 1993; Egashira et al., 1997; Iverson, 1997].
The tests considered so far have been conducted by using almost the same amount of water to trigger
debris ﬂows in the tributaries and keeping ﬁxed the water discharge in the main channel. Considering
that the tests summarized in Table 1 are already affected by variations of the triggering discharge of
the order of a 10% with respect to the mean value adopted in the experiments, we have performed two
additional tests by saturating the tributary ﬂumes with a seepage discharge of 0.8 l/s and triggering the
sediment-water ﬂow with a water discharge of either 3 or 2.7 l/s. A tributary slope of 178 and a conﬂu-
ence angle of 908 have been considered, while the discharge in the main channel has been set to zero
for facilitating the comparison. Figure 11 shows three different longitudinal proﬁles and a transverse
proﬁle surveyed at the end of these two additional tests: minor differences are observed both in terms
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Figure 10. Mutual interaction between the deposits generated in the main chan-
nel nearby the two conﬂuences, in terms of interference (i.e., maximum thickness
of the sediment deposit that marks the transition between the upstream and the
downstream debris fans). Longitudinal bed proﬁles have been measured along the
centerline of the main channel at the end of experiments carried out with (a) ﬁxed
slope (178) and triggering scenario (downstream-upstream triggering sequence),
but variable conﬂuence angles (508–608–908); (b) ﬁxed slope (178) and conﬂuence
angle (908), but different triggering scenarios (upstream-downstream triggering
sequence; downstream-upstream triggering sequence; simultaneous triggering);
(c) same conﬂuence angle (908) and triggering condition (simultaneous triggering),
but different tributary slopes (158–178).
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of planar displacement and deposit height. Therefore, relatively small differences of the water discharge
used to trigger the debris ﬂows in a tributary are likely to induce only small variations in the concentra-
tion and propagation speed of the sediment-water mixture, which are mainly controlled by the tributary
slope.
The role of the main channel ﬂow in shaping the debris deposits also merits a brief discussion. For values of
the water discharge QA much larger than the sediment-water ﬂux conveyed by tributaries, the sediment
deposits tend to be rapidly washed out. Conversely, when the intensity of the main channel ﬂow is low as
compared to the injected debris ﬂow, a back-
ward deposition can take place in the tribu-
tary, favoring the main channel obstruction
[Chen and An, 2007]. In general, the complete
blockage is controlled by the velocity ratio
and discharge ratio between the tributary and
the mainstream, as well as by the conﬂuence
angle and the degree of sediment sorting
[Dang et al., 2009]. In the case of almost
homogeneous sediments, these parameters
can be combined to form a single dimension-
less parameter, the momentum ratio,
RM5RQRuRqsin b, where RQ is the discharge
ratio; Ru, is the velocity ratio; Rq is the bulk
density ratio, deﬁning the relative importance
of a given quantity in the tributary and in the
mainstream [Dang et al., 2009]. A complete
obstruction of the main channel requires high
enough values of both the discharge ratio and
the velocity ratio (greater than 3.37 and 1.1,
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Figure 11. Comparison between proﬁles of the deposit acquired for a tributary slope of 178 and triggering water discharges of 3 l/s (solid
line) and 2.7 l/s (dashed line). Longitudinal proﬁles surveyed at a distance of (a) 5 cm, (b) 25 cm, and (c) 42 cm from the main channel
bank hosting the conﬂuences. (d) Transverse proﬁle measured in a section located 30 cm downstream of the intermediate section
between conﬂuences.
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respectively, according to Dang et al.’s [2009] laboratory experiments); conversely, small values of these
ratios favor the washing out of the debris conveyed by tributaries. Main channel obstruction is also
enhanced by larger bulk densities (and, hence, higher tributary slopes) and greater degree of sediment gra-
dation. Figure 12 compares the present data with those obtained from the experiments carried out by
Dang et al. [2009]. In addition, the ﬁgure shows the line RM5 18, deﬁning the critical threshold discriminat-
ing between partial and complete blockage. The plot indicates that in the present set of experiments a con-
dition of semiblockage is invariably attained: the debris ﬂow, in fact, never reached the main channel bank
opposite to the conﬂuence. In other words, the deposit fan forces the main channel to contour it, narrowing
the active section throughout which the water ﬂows. A situation in which the alluvial fan does not block the
main channel, but just forces it to the opposing river bank, shrinking the areas available for water ﬂow (e.g.,
the Illgraben fan on the upper Rhone in Valais, Figure 13).
5. Conclusion
The dynamics of stony debris ﬂows formed in two adja-
cent tributaries and depositing into the same channel
has been investigated experimentally. This schematic
conﬁguration intended to reproduce the intense and
rapid gravity-driven movements of water and gravel gen-
erated on the scree slopes at the base of rock faces. This
material, as often observed in the Dolomites (Northern
Italy) is subsequently delivered in a main, less sloping
channel through relatively close conﬂuences.
1. The sediment-water ﬂows generated in the present
tests formed in the upstream portion of a tributary
and then propagated downstream, with almost neg-
ligible erosion of the underling static bed, until the
arrival of the debris ﬂow tail. As a consequence, at a
given gauging section, three different phases were
observed, corresponding to the passage of the front,
Figure 13. Views of the conﬂuence of the torrent Illgraben (B) with the Rhone river (A) before (20 March 2009) and after (4 October 2009)
a debris ﬂow event. The images have been taken form Google Earth (468180N, 78380E). The alluvial fan (dashed line) formed in the main
channel (A) after a debris ﬂow event in the tributary (B) just forces the water ﬂow to the opposing river bank. In particular, plate (b) shows
that a signiﬁcant amount of deposited sediment is not yet completely removed and transported downstream by the main channel water
ﬂow.
Confluence angle α
Lateral channel slope βΒ βC
Triggering scenario
90
15 17
B=CB      C
Deposit interference
+-
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Figure 14. Synopsis of the information obtained from the
analysis of the present experimental data, showing that
greater interference (deﬁned as the maximum thickness of
the sediment deposit in the main channel that marks the
transition between the upstream and the downstream debris
fans) is caused by greater conﬂuence angle, greater slope of
adjacent tributary channels (B and C), and simultaneous trig-
gering of debris ﬂows within them.
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the body and the tail of the debris ﬂow. The values of the relevant dimensionless parameters (Bagnold, Sav-
age and Mass numbers) estimated for the present tests suggest an overall prevalence of internal stresses
generated by grain collision, as typically occur in stony debris ﬂows. In addition, the analysis of the temporal
sequences of total normal stress, pore ﬂuid pressure and elevation of the sediment-water mixture surface
indicates a negligible contribution of the excess pore ﬂuid pressure. The bulk (depth averaged) concentra-
tion within the debris ﬂow body, estimated on the basis of the total normal stress at the interface with the
static bed and the ﬂow depth, indicates that the concentration increases with the tributary slope. Its value
is under-predicted by the relation proposed by Takahashi [2007]. A more reliable estimate requires that a
quasi-static friction angle, instead of the submerged static friction angle, is employed in this relation. In the
presence of a debris ﬂow propagating over a loose sediment bed, in fact, the quasi-static actions induced
by long-lasting grain contacts play some role in determining the overall debris ﬂow dynamics also when a
grain collision regime prevails in most of the mixture column. Moreover, the rate of sediment entrainment
that takes place in the lower slender layer of the ﬂow where quasi static stresses prevail, depends on the
tributary slope rather than on the water ﬂow discharge used to trigger the debris ﬂow.
2. The morphological analysis of the debris deposits settled on the bed of the receiving channel suggests that
the sediments delivered by the tributaries tend to be washed out for low conﬂuence angle (508) and low tribu-
tary slopes (158). Conversely, the thickness of sediment deposits tends to increase for a perpendicular conﬂu-
ence and higher tributary slopes (178), enhancing both the interference between the deposits at adjacent
conﬂuences and the probability of channel damming. In addition, increasing the tributary slope and the conﬂu-
ence angle produces a faster debris ﬂow propagation and, hence, further limits the time available for warning.
3. The most dangerous scenario, yielding the higher degree of obstruction in the receiving channel, is
obtained when debris ﬂows are triggered simultaneously in the tributary channels, no matter which con-
ﬂuence angle and tributary slope have been considered. A relatively dangerous scenario is also observed
when the debris ﬂows are triggered ﬁrstly downstream and then upstream.
4. The present data set, collected under highly controlled experimental conditions, provides a unique
opportunity for calibration, validation and further improvement of mathematical models of debris ﬂow
generation, propagation, and settlement.
In summary, the risk of signiﬁcant obstruction in a river reach as a consequence of the lateral injections of sim-
ilar volumes of sediments delivered by multiple debris ﬂows tends to increase with the tributary slope angle
and the conﬂuence angle, and tends to be maximum if debris ﬂows take place simultaneously (Figure 14).
Clearly, other factors, not considered here, can inﬂuence the process. Although none are likely to modify the
gross features of the phenomenon emerged from the present analysis, they merit to be studied in the near
future. The water ﬂow in the main channel, whose features are strictly related to the bed slope, surely has an
important role in determining the shape of the debris fans and in removing the debris deposits. The effects of
a nonnegligible content of ﬁne (silty and clay) material in the ﬂuid used to mobilize the debris ﬂows certainly
also need to be investigated. In particular, it is of interest to quantify the percentage of ﬁnes above which the
pore ﬂuid pressure does not dissipate and, hence, plays a certain role in controlling the dynamics of the prop-
agation phase, as well as dewatering and consolidation of the sediment deposits. Finally, it should be studied
how the mutual interference between adjacent deposits varies with the distance between the conﬂuences.
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